AB S T RA C T
Cathodic Protection (CP) is an effective method to reduce the corrosion of metallic structures that submerged in water or buried in soil. In order to reduce the corrosion of any structure, the voltage between the metal to be protected and a reference electrode must be controlled on a preset level called the full protection level. In this paper, a boost converter circuit and L298N integrated circuit were used as a control system to regulate the protection voltage on a preset identified range. The boost converter has been used to raise the supply voltage, while the L298N circuit has been used to regulate the boost converter voltage automatically by adjusting the duty cycle through the Arduino microcontroller.
Before the designing and implementing of the proposed controller, the effect of some different factors should be studied to understand the nature of the system and determine the controller voltage and current ranges. These factors are: The solution temperature, The dissolved oxygen, the anodecathode distance and the power of hydrogen. The photovoltaic array was employed to impress the electrical current to the system.
However, the protection voltage should be kept between 0.8 V and 1 V. Therefore, the control circuit will change its output voltage automatically to return to the mentioned range.
Introduction
Corrosion is an inherent phenomenon. It is a natural occurrence (follows the natural laws) happens to any metal is not in its natural status. The corrosion process leads to a physical change in the metals surfaces. In addition, a direct current (DC) is generated. Two metals should be existed in the corrosion process. These two metals are called "electrodes". The electrode that releases an electrical energy to the circumference is called an "anode", while the other one that receives the electrical energy is called a "cathode". The flowing process of the electrical current needs a metallic connection between anode and cathode. Anywise, the elements which required for this process of energy exchange construct the corrosion cell which is shown in Fig.1 . Unless the metal is existed in a medium that can conduct electrical current, the corrosion process will not be accomplished [1] . Corrosion is a serious problem since ancient times. It is not a modern issue at all. In order to stop the corrosion impact, several methods can be applied. Chemical treatment, electrical current, and coatings can be good examples on these methods [2] . Generally, there is an efficient technique can be considered as the most common method which has been used to eliminate the corrosion. This technique is known as "cathodic Protection (CP)" [3] . It can be applied purely by using an external current source to convert all the anodic areas on the protected structure into cathodic areas to become noncorrosive regions. In order for this current to flow, it is necessary to connect the protected metal to another external metal (anode) [4, 5] . However, there are two public strategies for CP: "sacrificial anode cathodic protection (SACP) system" and "impressed current cathodic protection (ICCP) system". CP system with the first approach is named "internal feedback system", whereas with the second approach is named "external feedback system". In the first method, the DC power supply keeps the output voltage and current constant by using an internal stabilization circuit. Moreover, the required protection voltage can be obtained manually or by semi-automatic adjusting only. In the contrary, the protection voltage in the second approach can be monitored automatically and in the real time. However, it is extremely complicated in the actual implementation for long transmission lines when compared with the "internal feedback systems". Furthermore, the "external feedback system" is cheap and economic. At most, the second method has more flexible voltages and currents. In such method, any DC source can be employed to push the cathodic current into the metal surface [6] . The anode should be attached to the positive side of the power supply, while the protected metal should be attached to the negative one [7] . The DC power source can be equipped from a solar power source. Solar or photovoltaic (PV) energy is a quite important renewable energy supply. It is a clean energy, and does not cause any pollutants and gases emissions. The utilization of PV power is increasing significantly in the recent years. As stated by "European Photovoltaic Industry Association (EPIA)", the overall PV power capacity was 177 GW in 2014. Furthermore, 53 million tons of carbon dioxide (CO2) emissions have been reduced per year [8] .
However, This paper gives a brief review about some previous studies and shows the methodology of the proposed system. Also, it introduces the effect of the solution temperature, the dissolved oxygen in the water (D.O), the distance between anode and cathode (Dac), and the power of hydrogen (pH) on the Impressed current. Furthermore, It discusses the design process and the results of practical control circuit. Finally, the conclusion of this work was presented.
Related Works
Many CP systems have been proposed by researchers to solve the problems of corrosion. This section provides a brief review for some of these researches and compares them with the proposed system in this paper.
Akcayol M. A., (2004) [9] regulated the automatic transfer-rectifier output voltage for ICCP system by using a fuzzy logic controller (FLC). This voltage was regulated by PIC16F877 microcontroller. "Trial and Error" manner was applied to develop the rule table and the membership functions of the suggested FLC. The FLC program was developed by "C language" and then conveyed to the microcontroller. Corresponding to the preset required voltage, the control process for the output voltage was executed efficiently, and without any rippling or deviation.
Kharzi S., et. al., (2006) [10] proposed a regulated CP system powered by PV energy. This system was developed to abolish the critical problems that occur with the conventional CP systems. The regulated system supplies the metal to be protected by a constant cathodic protection current (Iprot). In order to carry out this mission, a buck-boost converter should be driven through PIC16F877 microcontroller. The driving signal was extracted by changing the duty cycle from the microcontroller. This change was done through the "pulse width modulation (PWM)" port. Javadi M., et. al., (2014) [11] presented an intelligent CP system powered by PV energy. This system was proposed for buried pipelines, and comprises a solar cell which act as a power supply. Also, a buck converter was employed in order to minimize the large PV voltage. The output port of this converter must be connected to a buck-boost converter and battery. Lastly, the output of the buck-boost converter should be linked to the CP circuit. A certain function should be formed by the buck converter in order to track the point of maximum power. However, this will improve the system efficiency. As well, this system can be efficiently employed to simulate CP systems. Furthermore, the worst cases in simulation process were taken into account for increasing the system lifetime, and to make the system valid under various circumstances.
Abdul-Sada B. N., et. al., (2016) [3] studied the effect of several variables in saltwater such as conductivity, temperature, and aeration flow rate on the ICCP system. The experimental results showed that the current is raised for increasing any variable. Also, this study included a simulation control of two techniques: "proportional integral derivative (PID)" controller and FLC. Depending on the simulation results, both controllers are capable of controlling the ICCP system.
The comparison between the above controllers and the suggested controller is shown in It is important to mention that the solar power supplies are more economical and required less maintenance than the conventional supplies. Also, they have available control systems which are used to reduce the consumption of power. Furthermore, there are some limitations with the use of PID, Fuzzy, buck, and buck-boost in control. These limitations are: 1. PID, fuzzy, and buck converter, require high input voltages in some cases where Iprot is high. For example, the researcher Akcayol M. A. [9] used a supply voltage with 60 V and Abdul_Sada B. N. [3] needs 24 V power supply while in this proposed system the required voltage was only 12 V. So, the solar system that used here does not fit PID, fuzzy, and buck converter controllers. 2. The using of buck-boost converter as an automatic controller is possible, but it requires adapting its design since it has a potentiometer that changes manually. Moreover, All the uses of this control in the related works are simulation methods with no practical application. So, the boost converter and L298N IC can be used as a good practical replacement since they are cheap, available, and easy in implementation and programming.
Methodology
In order to discuss the impact of any parameter on the ICCP system experimentally, it is necessary to install a prototype ICCP system. The proposed system consists of the next parts: 1. Cathode: A carbon steel pipe was used as a cathode. The analysis process of its chemical composition was carried out in "Mechanical Engineering Department, College of Engineering, University of Basrah". The results were as shown in Table 2 . This cathode has 35 cm length, 16 cm outside diameter, 14 cm inside diameter and 1 cm thickness. 2. Anode: Two aluminum rods were used, each one has a length of 4 cm and a diameter of 3 cm. These rods were placed at the same level with pipe. 3. Reference Electrode: The protection voltage should be measured with respect to a certain reference electrode. The "saturated calomel electrode (SCE)" was utilized here as a reference electrode. The purpose of using this SCE is to measure the voltage between the metal to be protected (cathode) and the electrolyte. 4. Electrical Power Source: A "YA XUN" type DC power supply with model "PS-305D" was used to impress the electrical power for CP system. It should be noted that the DC power supply that used to study the effect of CP factors was a conventional DC supply. The using of this source was to find out the appropriate voltage and current in order to calculate the suitable power for PV array which is employed as a power supply with the suggested control system. As well, the factors changing needs to a voltage source that can be easily changed every few minutes. After that, this supply was replaced by a solar power system to meet the requirements of CP voltage and current from side and the proposed control system from the other side.
All the previous mentioned components should be immersed in a solution. In this experiment, the solution was 125 liter of the reverse osmosis (R.O) water. The analysis results of the used R.O water carried out in "Chemical Engineering Department, College of Engineering, University of Basrah" as shown in Table 3 . The R.O water was located at a glass bath of 105 cm length, 43 cm width, and 50 cm height. Moreover, an additional components were used to accomplish this study. These components are: 1. Electrical heater with temperature degrees from (20 -80) °C to raise the solution temperature. 2. Two Air pumps were employed to change the D.O ratio of the solution. 3. Digital Temperature Sensor (DS18B20) in order to measure and record the solution temperature. 4. 10.24 Ω resistor as a constant load for constructing a current sensor matching the very small changes in the protection current.
In addition, the anode and the metal to be protected should be in contact in order for CP to be carried out [3] . The electrical connections among anode, cathode, electrode, and DC power supply are shown in Fig. 2:   Figure 2 . The electrical connections of the impressed current cathodic protection system.
The experimental installation of the ICCP system is shown in Fig. 3: Figure 3 . The experimental installation of cathodic protection system.
Factors Affecting Cathodic Protection System
The behavior of CP systems under different factors has already been extensively studied. Many researches has been showed the nature of the relations between such system and multiple factors which have an important impact on corrosion. However, In order to determine the protection voltage and current requirements those needed to design a control system, four factors will be discussed in this section due to their importance impact. These factors are:
1. The Solution Temperature: The temperature of solution was changed in steps from (20 -40) °C. During this change, the current was observed to be increased due to the increasing of chemical and electrochemical reactions rates, and also the diffusion rate [12] . Figure 4 below shows the effect of solution temperature on the cathodic current. 4. The Power of Hydrogen (pH): From data measurements, it is obvious that the increasing in the solution pH yields into decreasing in the protection current. The reason belongs to the increasing in hydrogen evolution and oxygen diffusion on the metal surface [13] . Figure 7 shows the decrement in protection current versus pH. 
Control of Cathodic Protection
For perfect protection, the CP voltage should be adjusted on a suitable value [14] . In order to set this voltage at the full protection level, a suitable control system should be used. The proposed control system and connections among its components is shown in Fig. 8 . Also, the practical installation and implementation is illustrated in Fig.  9 . However, this controller included two circuits. The first circuit was the boost converter which has been employed to raise the battery output voltage up to 50 V. The second circuit was L298N IC. This IC has been used to regulate the boost converter voltage automatically by adjusting the duty cycle of its PWM through the arduino. The adjustment process of the PWM was achieved by comparing the real voltage that observed between SCE and the test point of the cathode with the level of the full protection voltage. Most of structures that required protection are located at remote and sun exposed areas, where the power stations are not available. So, the PV cells can be used as the best replacement in such regions where the sun is plentiful available. Moreover, it is clean and free emissions energy. However, Each cell has the following features which are depicted in Table 4 : To boost the output voltage, each two solar cells were connected together in series to compose three larger units named modules. The output voltage of each module will become 12 V. Then, these three modules, in turn, were connected in parallel to compose another one larger unit named array. According to this connection, the total voltage equals to 12 V, while the total current is ( 0-600) mA. It is clear that the protection voltage is stable between 0.8 V and 1 V (Full Protection Level). Also, the protection voltage and the impressed current are less than the previous voltage and current. This is due to the increase in the pH from 7 to 10 which mean an increase in hydrogen evolution and oxygen diffusion on the structure to be protected.
Conclusion
This paper included two parts. In the first part, the effect of four serious factors on the ICCP system was discussed. These factors are the solution temperature, D.O ratio, pH value, and Dac. The experimental results showed that the impressed current is increased with the increasing of solution temperature, D.O and Dac. But, it is decreased with the increasing of pH. In the second part, a control system of boost converter and L298N IC was used to regulate the protection voltage through changing any of the studied parameters. The proposed control system was approved its efficiency to control the CP system. It is a good solution, quite easy to use and implement. Furthermore, PV array was used in order to reduce costs related to electrical energy consumption.
As a final result, the overall proposed system has been carried the following tasks:
 Control the PV energy and the battery charge and discharge by using solar charge controller to keep the system effective during night and no sunlight situations.
 Identifying the CP system behavior under almost invariably factors.
 Control the CP system to stopping or, at least, reducing the corrosion processes.
